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$EVWUDFW

,QWKLVSDSHUWKHPDLQDOWHUQDWLYHSURSXOVLRQSODQWVEDVHGRQUHFLSURFDWLQJLQWHUQDOFRPEXVWLRQHQJLQHV
RI D IHUU\ RU 5R5R VKLS RSHUDWLQJ LQ URXWHV WKDW LQFOXGH (PLVVLRQ &RQWURO $UHDV (&$V DUH
FRPSDUDWLYHO\ DVVHVVHG 6SHFLILFDOO\ D GXDO IXHO HQJLQH SURSXOVLRQ SODQW LV FRPSDUHG ZLWK D
FRQYHQWLRQDO'LHVHO HQJLQHSODQW)RUERWK FDVHV WKH LQVWDOODWLRQRI D:DVWH+HDW5HFRYHU\ V\VWHP
ZKLFKFRYHUVDSDUWRIWKHVKLSHOHFWULFHQHUJ\GHPDQGLVDOVRFRQVLGHUHG7KHVKLSPDLQ')HQJLQHV
DUHDVVXPHGWRRSHUDWHXVLQJ/1*DQGDVPDOODPRXQWRI0'2IRULQLWLDWLQJFRPEXVWLRQZKHUHDVORZ
VXOSKXU 0'2 ZDV UHJDUGHG DV WKH IXHO IRU WKH FDVH RI WKH 'LHVHO HQJLQH SODQW 7KH LQVWDOODWLRQ RI
VHOHFWLYHFDWDO\WLFUHGXFWLRQ6&5DIWHUWUHDWPHQWXQLWIRUUHGXFLQJWKH12[HPLVVLRQVIRUWKHFDVHRI
'LHVHOHQJLQHVSODQWLVDOVRWDNHQLQWRDFFRXQW7KHSURSXOVLRQSODQWVZHUHPRGHOOHGXQGHUVWHDG\VWDWH
FRQGLWLRQVDQGWKHVLPXODWLRQUHVXOWVZHUHDQDO\VHGLQRUGHUWRFRPSDUHWKHDOWHUQDWLYHFRQILJXUDWLRQV
)XUWKHUPRUHWKHHQHUJ\HIILFLHQF\GHVLJQLQGH[((',YDOXHVZHUHFDOFXODWHGDQGWKHWZRH[DPLQHG
SURSXOVLRQ V\VWHP FDVHV ZHUH FRPSDUHG RQ ((', EDVLV )LQDOO\ WKH /LIH &\FOH &RVW IRU HDFK
DOWHUQDWLYH SURSXOVLRQ SODQW ZDV FDOFXODWHG DQG XVHG IRU FRPSOHWLQJ DQ HFRQRPLF HYDOXDWLRQ RI WKH
'XDOIXHOSURSXOVLRQSODQWYHUVXVWKHFRQYHQWLRQDOGHVLJQVDSSOLHGLQIHUULHV
 
Keywords: )HUULHVSURSXOVLRQSODQW'XDOIXHOHQJLQHVZDVWHKHDWUHFRYHU\V\VWHPV((',WHFKQR
HFRQRPLFDVVHVVPHQW
 
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7KH LQFUHDVHGSUHVVXUH IRUJUHHQHU VKLSSLQJ UHVXOWHG LQ DQ XSGDWHG OHJLVODWLRQ IUDPHZRUN VHW E\ WKH
,QWHUQDWLRQDO0DULWLPH2UJDQL]DWLRQ,02IRUFRQVWUDLQLQJWKHJUHHQKRXVHJDVHRXVHPLVVLRQVPDLQO\
WKHFDUERQGLR[LGHDVZHOODVWKHQLWURJHQR[LGHV12[DQGVXOSKXUR[LGHV62[7KXVLQWKHUHFHQW
DPHQGPHQW RI ,02 UXOHV >@ WKH (QHUJ\ (IILFLHQF\ 'HVLJQ ,QGH[ ((', DQG WKH 6KLS (QHUJ\
(IILFLHQF\0DQDJHPHQW3ODQ 6((03ZHUH LQWURGXFHGIRFXVLQJRQ WKH UHGXFWLRQRI&2 HPLVVLRQV
DQGIXHOFRQVXPSWLRQWKURXJKRXWWKHVKLSOLIHWLPH)RUUHGXFLQJ62[HPLVVLRQVWKH,02>@GHILQHV
WKH XSSHU OLPLWV RI WKH VXOSKXU FRQWHQW IRU WKH IXHOV XVHG RQERDUG VKLSV VDLOLQJ LQVLGH DQG RXWVLGH
(PLVVLRQ&RQWURO$UHDV (&$3UHVHQWO\ WKHXVHRIPDULQH IXHOVZLWKXS WRVXOSKXU FRQWHQW LV
RQO\SHUPLWWHGLQVLGH(&$VZKHUHDVWKHDOORZHGIXHOVXOSKXUFRQWHQWYDOXHZLOOEHGUDVWLFDOO\UHGXFHG
UHDFKLQJ  IURP  RQZDUGV )RU WKH 12[ HPLVVLRQV WKH WKUHH WLHU SURJUDP >@ KDV EHHQ
HVWDEOLVKHG DFFRUGLQJ WR ZKLFK 7LHU ,, WKDW UHTXLUHV  UHGXFWLRQ RI 12[ FRPSDUHG WR 7LHU , LV
FXUUHQWO\LQHIIHFWZKHUHDV7LHU,,,LPSRVHVUHGXFWLRQLQ12[DOVRFRPSDUHGWR7LHU,DQGZLOO
FRPHLQWRHIIHFWSRVVLEO\LQ

7RFRSHZLWKWKHFRQWLQXRXVO\LQFUHDVLQJHQYLURQPHQWDOGHPDQGVDQXPEHURIPHDVXUHVIRUWKHVKLS
SURSXOVLRQ V\VWHP FDQ EH WDNHQ WKHVH FRPSULVH WKH LQGXFWLRQ RI PRUH RSWLPLVHG SURSXOVRU GHVLJQV
LQFOXGLQJZLQJWKUXVWHUVDQGFRQWUDURWDWLQJSURSHOOHUVDVZHOODVWKHUHSODFHPHQWRIWKHFRQYHQWLRQDO
PHFKDQLFDO V\VWHP E\ WKH PRUH IOH[LEOH 'LHVHO(OHFWULF SURSXOVLRQ V\VWHP RU FRPELQHG 'LHVHO
PHFKDQLFDOHOHFWULFSURSXOVLRQV\VWHPV>@+RZHYHULQRUGHUIRUWKHVKLSSURSXOVLRQHQJLQHVUXQQLQJ
RQ +HDY\ )XHO 2LO +)2 RU 0DULQH 'LHVHO 2LO 0'2 WR FRPSO\ ZLWK WKH IXWXUH HQYLURQPHQWDO
UHJXODWLRQV>@WHFKQLTXHVVXFKDV6HOHFWLYH&DWDO\WLF5HGXFWLRQ6&5RU([KDXVW*DV5HFLUFXODWLRQ
(*5PLJKWEHUHTXLUHGIRUUHGXFLQJWKH12[HPLVVLRQVZKHUHDVH[KDXVWVFUXEEHUVRUDOWHUQDWLYHO\
VHSDUDWH ORZ VXOSKXU IXHO V\VWHPV KDYH WR EH LQVWDOOHG RQERDUG IRU DGGUHVVLQJ WKH 62[ HPLVVLRQV
UHGXFWLRQ LVVXH >@7KHVHPHDVXUHVGHWHULRUDWH WKH VKLSSURSXOVLRQSODQWHIILFLHQF\DQGDVD UHVXOW
LQFUHDVHWKH&2HPLVVLRQVDVZHOODVWKHVKLSRSHUDWLRQDOFRVW$OOWKHDERYHLQFRQMXQFWLRQZLWKWKH
XQSUHFHGHQWHG ULVLQJ RI IXHO RLO SULFHV WKURXJKRXW WKH ODVW \HDUV DQG WKH FRQWLQXRXVO\ LQFUHDVLQJ
DYDLODELOLW\ RI QDWXUDO JDV UHVRXUFHV DURXQG WKH JOREH >@ UHQGHU WKH XVH RI /LTXHILHG 1DWXUDO *DV
/1*DVDQDOWHUQDWLYHPDULQHIXHODWWUDFWLYH/1*IXHOLVSUHVHQWO\HVWDEOLVKHGDVDFOHDQDQGUHOLDEOH
IXHO IRU SURSXOVLRQ DQG DX[LOLDU\ SRZHU JHQHUDWLRQ DQG LWV XVDJH IRUPV D YHU\ HIILFLHQW ZD\ IRU
UHGXFLQJ HPLVVLRQV >@ ,QGHHG WKH 62[ HPLVVLRQV DUH WRWDOO\ HOLPLQDWHG RZLQJ WR WKH IDFW WKDW
VXOSKXULVQRWFRQWDLQHGLQ/1*ZKHUHDVWKH12[HPLVVLRQVFDQEHUHGXFHGXSWRRZLQJWRWKH
IDFW WKDW WKHFRPEXVWLRQ WDNHVSODFHDWDLU±IXHO UDWLRYDOXHVDURXQG WR OHDQEXUQFRPEXVWLRQ
FRQFHSW,QDGGLWLRQWKHUHGXFWLRQRI&2HPLVVLRQVFDQUHDFKWKDQNVWRWKHORZFDUERQWR
K\GURJHQ UDWLR RI IXHO 2Q WRS RI WKH DERYH WKH ') HQJLQHV H[KLELW YHU\ ORZ SDUWLFXODWH HPLVVLRQV
OHYHOQRYLVLEOHVPRNHDQGQRVOXGJHGHSRVLWV>@7KH/1*LQIUDVWUXFWXUHKDVEHHQGHYHORSHGLQWKH
ODVW \HDUV >@ SDUWLFXODUO\ LQ 1RUZD\ WR WKH H[WHQW WKDW RWKHU VKLS W\SHV OLNH 5R5R DQG VPDOOHU
IHUU\ERDWVFDQEHEXQNHUHG
 

7KHXVHRIOLTXHILHGIXHOV/1*/3*IRUWKHVKLSSURSXOVLRQLVQRWDQHZLGHDWKHVHIXHOVKDYHEHHQ
XVHG IRUPDQ\\HDUVRQERDUG OLTXHILHGJDVFDUULHUV HTXLSSHGZLWK VWHDP WXUELQHSURSXOVLRQ V\VWHPV
5HFHQWO\IRXUVWURNHGLHVHOPHFKDQLFDORUGLHVHOHOHFWULFSURSXOVLRQV\VWHPV>@KDYHEHHQDOVRXVHG
7KHIRUPHUSURYLGHJUHDWHULQFUHDVHRIWKHSURSXOVLRQSODQWHIILFLHQF\ZKHUHDVWKHODWWHUFRPELQHWKH
KLJK HIILFLHQF\ ZLWK WKH LQFUHDVHG IOH[LELOLW\ ,Q DOO WKHVH FDVHV WKH ERLORII JDV SURGXFHG GXH WR
HYDSRUDWLRQLQVLGHWKHVKLSFDUJRWDQNVKDVEHHQXVHGDVWKHPDLQIXHOLQWKHVKLSSURSXOVLRQV\VWHP

1RZDGD\VWKHFRPPHUFLDODYDLODEOHJDVHQJLQHSRUWIROLRLQFOXGHVWKUHHPDLQWHFKQRORJLHV>@*DV
*DV'LHVHO *' DQG 'XDO)XHO ') HQJLQHV *DV HQJLQHV DUH RI WKH IRXUVWURNH W\SH DQG UXQ
H[FOXVLYHO\RQJDV7KHFRPEXVWLRQRIWKHJDVDLUPL[WXUHWDNHVSODFHEDVHGRQWKH2WWRF\FOHWULJJHUHG
E\VSDUNSOXJLJQLWLRQZKHUHDVWKHJDVLVLQMHFWHGLQWRWKHHQJLQHF\OLQGHUSRUWVXSVWUHDPWKHHQJLQH
YDOYHVDWORZSUHVVXUH±EDU7KH*'HQJLQHVFDQRSHUDWHRQGLIIHUHQWPL[WXUHVRIJDVDQGGLHVHO
IXHOV RU DOWHUQDWLYHO\ RQ GLHVHO IXHO RQO\ 7KH HQJLQH F\OLQGHU SURFHVVHV IROORZ WKH 'LHVHO F\FOH
FRPSUHVVLRQ±LJQLWLRQDQGWKHJDVLVLQMHFWHGLQWRWKHHQJLQHF\OLQGHUGXULQJWKHFRPSUHVVLRQVWURNHDW
KLJKSUHVVXUHXSWREDU7KHVHHQJLQHVFRXOGEHHLWKHURIWKHWZRVWURNHRUIRXUVWURNHW\SH'XDO
)XHOHQJLQHVDUHRIWKHIRXUVWURNHW\SHDQGFDQUXQLQJDVRUGLHVHOPRGHV,QWKHJDVPRGHRI
WKH IXHO LVJDVDQGWKHSLORW IXHO LVGLHVHO IXHO7KHJDV LV LQMHFWHG LQWR WKHHQJLQHSRUWVDW ORZ
SUHVVXUH±EDUZKHUHDVWKHFRPEXVWLRQRIWKHJDVDLUPL[WXUHWDNHVSODFHIROORZLQJWKH2WWRF\FOH
ZLWKWKHLJQLWLRQEHLQJWULJJHUHGE\WKHLQMHFWLRQRIWKHSLORWGLHVHOIXHO,QWKHGLHVHOPRGHWKHIXHOLV
H[FOXVLYHO\RIWKHGLHVHOW\SHDQGWKHFRPEXVWLRQRIWKHGLHVHODLUPL[WXUHWDNHVSODFHDFFRUGLQJWRWKH
'LHVHO F\FOH$QDOWHUQDWLYH FDWHJRULVDWLRQRIJDV IXHOOHG HQJLQHV FDQEH DFFRPSOLVKHGEDVHGRQ WKH
LJQLWLRQ SULQFLSOH VSDUN LJQLWLRQ YHUVXV OLTXLG IXHO SLORW LJQLWLRQ DQG WKH FRPEXVWLRQ FKDPEHU
JHRPHWU\ VLQJOH FKDPEHU YHUVXVSUHFKDPEHU >@ 7KH FRQFHSWRIXVLQJ') PHGLXP VSHHGGLHVHO
HQJLQHVLQPDULQHSURSXOVLRQSODQWVLVFRQWLQXRXVO\H[SDQGLQJQRZDGD\V>@DQXPEHURIIHUULHVZLWK
') HQJLQHV ZHUH VHW LQ RSHUDWLRQ LQ WKH DUHD RI %DOWLF 6HD DQG QHZ IHUULHV DUH EHLQJ GHVLJQHG IRU
RSHUDWLQJLQWKH0HGLWHUUDQHDQ6HD

2QHRIWKHPRVWLPSRUWDQWLVVXHVDGGUHVVHGE\WKHFODVVLILFDWLRQVRFLHWLHVUXOHVLVWKHSODFHPHQWRIWKH
/1*WDQNVWKH\DUHQRWDOORZHGWREHFORVHWRWKHYHVVHOVLGHVDQGPXVWDOVREHDWDFHUWDLQGLVWDQFH
DERYHWKHVKLSERWWRPIRUVDIHW\UHDVRQVLQFDVHRIVKLSJURXQGLQJ7KHIROORZLQJORFDWLRQVKDYHEHHQ
SURSRVHG>@DLQWKHFHQWUHRIVXSHUVWUXFWXUHLQVLGHWKHRXWHUUDZRIFDELQVDQGLQIURQWRIWKH
HQJLQHFDVLQJEXWDERYHWKHSXEOLFVSDFHGHFNVVRDVQRWWRREVWUXFWWKHSDVVHQJHUIORZVEGRZQRQ
WKHWDQNWRSLQWKHFHQWUHRIWKHYHVVHOLQVLGHWKH%OLQHV%VKLSEUHDGWKFLQWKHVKLSVWHUQEHORZ
WKH VZLPPLQJ SRRO DQG G RQ WKH XSSHU RSHQ GHFN LI VSDFH DYDLODEOH $QRWKHU FKDOOHQJH IRU /1*
VWRUDJHFRPHVIURPWKHODUJHUVL]HRIWKHWDQNV>@,QRUGHUWRSURGXFHWKHVDPHDPRXQWRIHQHUJ\D
YROXPHRI/1*HTXDOWRWLPHVWKDWRIGLHVHOIXHOLVUHTXLUHG:KHQWDNLQJLQWRDFFRXQWWKH/1*
WDQN LQVXODWLRQYROXPHDQG WKHPD[LPXPWDQN ILOOLQJ UDWLR WKDWFDQEHRQO\XS WR WKH UHTXLUHG
YROXPH LV LQFUHDVHG WR DERXW  WLPHV FRPSDUHG WR WKH UHVSHFWLYH LQ WKH FDVH RI GLHVHO IXHO 7KH
SUDFWLFDOVSDFHUHTXLUHGLQWKHVKLSEHFRPHVDERXWWLPHVKLJKHUZKHQDOVRFRXQWLQJWKHVTXDUHGYRLG
 
VSDFHDURXQGWKHF\OLQGULFDO/1*WDQN,IFRPSDUHGWRWKH0'2WDQNVORFDWHGDERYHWKHVKLSGRXEOH
ERWWRPVWKHWRWDOYROXPHGLIIHUHQFHLVVRPHZKDWVPDOOHUDERXWWLPHV7KHZHLJKWRIWKHEXQNHUHG
/1*DPRXQWLVPDUJLQDOO\ORZHUWKDQWKDWRI0'2ZKHQFRQVLGHULQJWKHDFWXDOIXHOLWVHOI+RZHYHU
WKHVSHFLDOWDQNDQGWDQNURRPVWHHOVWUXFWXUHLQFUHDVHVWKHWRWDOZHLJKWIRU/1*VWRUDJHWRDERXW
WLPHVKLJKHUWKDQWKHUHVSHFWLYHRQHUHTXLUHGIRU0'2>@

)RUIXUWKHULPSURYLQJWKHVKLSSRZHUSODQWHIILFLHQF\DQGWKXVUHGXFLQJWKHIXHOFRQVXPSWLRQDQG&2
HPLVVLRQV ZDVWH KHDW UHFRYHU\ :+5 V\VWHPV KDYH EHHQ XVHG 'HSHQGLQJ RQ WKH VKLS VL]H WKH
IROORZLQJW\SLFDORSWLRQVRIWKHH[KDXVWJDV:+5V\VWHPVDUHFRPPRQO\LQVWDOOHG>@DV\VWHPV
IRUWKHSURGXFWLRQRIVDWXUDWHGVWHDPLQGHQWHGIRUFRYHULQJWKHWKHUPDOSRZHUUHTXLUHPHQWVRIWKHVKLS
KHDWLQJ VHUYLFHV E V\VWHPV IRU JHQHUDWLQJ HOHFWULFLW\ LQ D VWHDP WXUELQH GULYHQ JHQHUDWRU WXUER
JHQHUDWRU DQG F V\VWHPJHQHUDWLQJHOHFWULFHQHUJ\ LQDFRPELQHGVWHDP WXUELQHSRZHUJDV WXUELQH
GULYHQ JHQHUDWRU $ FRPSUHKHQVLYH UHYLHZ RI WKH ZDVWH KHDW UHFRYHU\ DSSOLFDWLRQV IRU RFHDQJRLQJ
YHVVHOVLVSUHVHQWHGLQ>@,Q'LPRSRXORVHWDO>@WKHPRGHOOLQJDQGRSWLPLVDWLRQRIDFRQWDLQHUVKLS
SRZHU SODQW V\VWHP FRPELQHG ZLWK D ZDVWH KHDW UHFRYHU\ V\VWHP ZDV SUHVHQWHG ,Q +RXQWDODV HW DO
>@WKHZDVWHKHDWUHFRYHU\V\VWHPIRUUHFRYHULQJHQHUJ\IURPWKHH[KDXVWJDVRIDPDULQHWZRVWURNH
HQJLQHLVLQYHVWLJDWHGFRPSDULQJLWVREWDLQHGSHUIRUPDQFHZKHQXVLQJWZRGLIIHUHQWZRUNLQJIOXLGV,Q
&KRL DQG .LP >@ D FRPELQHG ZDWHURUJDQLF IOXLG ZDVWH KHDW UHFRYHU\ V\VWHP IRU WKH SURSXOVLRQ
HQJLQHRI D FRQWDLQHUVKLS LV H[DPLQHG ,Q*HZDOG HW DO >@ DQ LQWHJUDWHG DSSURDFK WRRSWLPLVH WKH
FRPELQHGF\FOHRYHUDOOV\VWHPHIILFLHQF\IRUWKUHHODUJHPHGLXPVSHHGHQJLQHVZDVSUHVHQWHGIRFXVLQJ
RQ WKHZDVWHKHDW UHFRYHU\F\FOHFRPELQHGZLWK WKHRSWLPDO OD\RXWRI WKHHQJLQHFRROLQJV\VWHP ,Q
%XUHOHWDO>@WKHSRZHUSODQWRIDKDQG\VL]HWDQNHURSHUDWLQJZLWK/1*DQGIRUYDULRXVDOWHUQDWLYHV
RIZDVWHKHDWUHFRYHU\V\VWHPVLQFOXGLQJVWHDPDQGRUJDQLFIOXLGF\FOHVZDVVWXGLHG

7HFKQRHFRQRPLF LQYHVWLJDWLRQ RI DOWHUQDWLYH RSWLRQV IRU SURSXOVLRQ SODQWV VSHFLILFDOO\ IRU VKLSV
RSHUDWLQJIUHTXHQWO\LQ(&$DUHDVHJ)HUULHV5R5RVKLSVKDQG\VL]HWDQNHUV LVDXVHIXOWRROWKDW
FDQ GHOLQHDWH WKH FRVWHIIHFWLYH DQG HQYLURQPHQWDO VRXQG VROXWLRQV 6XFK D VWXG\ IRU WKH SURSXOVLRQ
SODQWRIWZRGLIIHUHQWIHUULHVZDVUHSRUWHGLQ>@ZKHUHDVDWHFKQRHFRQRPLFVWXG\IRUDEXONFDUULHU
SURSXOVLRQV\VWHPZDVSUHVHQWHGLQ>@+RZHYHUVWXGLHVIRUWKHLQWHJUDWHGWHFKQLFDOHQYLURQPHQWDO
DQGHFRQRPLFDVVHVVPHQWRIJDVIXHOOHGHQJLQHVFRPELQHGZLWKZDVWHKHDWUHFRYHU\V\VWHPVIRUVKLS
SURSXOVLRQSODQWVKDYHQRWEHHQUHSRUWHG,QWKDWUHVSHFWWKHSUHVHQWVWXG\IRFXVHVRQWKHLQYHVWLJDWLRQ
RI WHFKQRHFRQRPLF DQG HQYLURQPHQWDO VXVWDLQDELOLW\ RI IRXU DOWHUQDWLYH SURSXOVLRQ SODQWV EDVHG RQ
UHFLSURFDWLQJLQWHUQDOFRPEXVWLRQHQJLQHVUXQQLQJHLWKHURQ'LHVHORU/1*IXHOVHTXLSSHGRUQRWZLWK
ZDVWHKHDWUHFRYHU\V\VWHPIRUWKHFDVHRIDW\SLFDOIHUU\VKLSRSHUDWLQJLQURXWHVWKDWLQFOXGH(PLVVLRQ
&RQWURO$UHDV(&$V
 'HVFULSWLRQRILQYHVWLJDWHGSURSXOVLRQV\VWHP

 
7KHSURSXOVLRQV\VWHPRI WKHQHZEXLOWIHUULHVVKRXOGFRPSO\ZLWKWKHPDULWLPHUHJXODWLRQVSURYLGH
LQFUHDVHG UHOLDELOLW\ DQG VDIHW\ DQG DGGLWLRQDOO\ RSHUDWH DW KLJK HIILFLHQF\ OHYHOV 7KH W\SLFDO IHUU\
SURSXOVLRQ V\VWHP DUUDQJHPHQW FRPSULVHV WZR SDLUV RI HQJLQHV RI WKH IRXUVWURNH W\SH ZKLFK DUH
FRQQHFWHGWRWKHUHVSHFWLYHJHDUER[HVIRUGULYLQJWKHWZRVKLSSURSHOOHUV$SRZHUWDNHRIIPDFKLQH
XVXDOO\ DQ HOHFWULF JHQHUDWRU LV DOVR FRQQHFWHG WR HDFK JHDUER[ 7KH VKLS HOHFWULF SRZHU GHPDQG LV
FRYHUHGE\DQXPEHUXVXDOO\ WKUHHHOHFWULFJHQHUDWRUV)RUIXUWKHU LQFUHDVLQJ WKHHIILFLHQF\DQG WKH
IOH[LELOLW\ RI WKH WUDGLWLRQDO IHUU\ SURSXOVLRQ V\VWHP PRGLILHG FRQILJXUDWLRQV RI FRPELQHG GLHVHO
HOHFWULF DQG GLHVHOPHFKDQLFDO V\VWHPV ZKLFK GULYH FRQWUROODEOH SLWFK SURSHOOHUV SRG WKUXVWHUV RU
FRQWUDURWDWLQJSURSHOOHUVKDYHEHHQSURSRVHG>@)RUWKHFDVHVRIIHUULHVSURSXOVLRQSODQWVRSHUDWLQJ
RQ +)2 6&5 XQLWV DQG 62[ VFUXEEHUV DUH UHTXLUHG LQRUGHU IRU WKH VKLSV WR FRPSO\ ZLWK WKH ,02
LPSRVHGHPLVVLRQVOLPLWVZKHQVDLOLQJLQVLGH(&$V7KHDOWHUQDWLYHWRWKDWRSWLRQLVWKHXVHRI0*2
RU0'2LQVLGH(&$VDQGVZLWFKLQJWR+)2RXWVLGH(&$]RQHV+RZHYHUWKHLQVWDOODWLRQRID6&5
XQLWLVVWLOOUHTXLUHGIRUUHGXFLQJ12[HPLVVLRQVLQWKDWFDVH7KHWKLUGRSWLRQLVWKHLQVWDOODWLRQRI')
HQJLQHVDQGWKHXVDJHRI/1*IXHOIRUWKHVKLSPDLQHQJLQHVDQGJHQHUDWRUVHWV

,QWKHSUHVHQWZRUNWKHSRZHUSODQWV\VWHPGLDJUDPPDWLFDOO\GHSLFWHGLQ)LJXUHLVLQYHVWLJDWHG7KDW
W\SHRISURSXOVLRQSODQWFDQEHIRXQGLQVPDOOWRPHGLXPVL]HIHUULHV7KHSURSXOVLRQV\VWHPFRQVLVWV
RI WZRPDLQ HQJLQHVRI WKH IRXUVWURNH W\SH HDFKRQH LV FRQQHFWHG WRRQH HQJLQH FRQWUROODEOHSLWFK
SURSHOOHUYLDDJHDUER[XQLW,QDGGLWLRQWKUHHJHQHUDWRUVHWVDUHLQVWDOOHGIRUFRYHULQJWKHVKLSHOHFWULF
SRZHU UHTXLUHPHQWV )RU LQFUHDVLQJ WKH HIILFLHQF\ RI WKH SRZHU SODQW DW VKLS VDLOLQJ FRQGLWLRQV WKH
LQVWDOODWLRQ RI :+5 V\VWHPV IRU UHFRYHULQJ SDUW RI WKH VKLS PDLQ HQJLQHV H[KDXVW JDV KHDW DQG
SURGXFLQJHOHFWULFHQHUJ\ZDVDOVRVWXGLHG

7KHFRQVLGHUHG:+5V\VWHPVDUUDQJHPHQW DVZHOO DV WKHLU FRPSRQHQWV DQGSLSLQJDUH LOOXVWUDWHG LQ
)LJXUH7KHV\VWHPVDUHRIWKHVLQJOHVWHDPSUHVVXUHW\SHZLWKH[WHUQDOKHDWH[FKDQJHUIRUKHDWLQJWKH
IHHGZDWHU HQWHULQJ LQWR WKHERLOHU GUXP 7KHKHDW H[FKDQJHU LV XVHG VR WKDW WKH ZDWHU HQWHULQJ WKH
HFRQRPLVHU VHFWLRQRI WKHERLOHU LVNHSW LQ D WHPSHUDWXUH OHYHO DURXQGR&IRU WKH FDVHRI'LHVHO
IXHOV LQRUGHU WRDYRLGFRQGHQVLQJRI WKHVXOSKXUR[LGHVFRQWDLQHG LQ WKHH[KDXVWJDVZKLFKFDXVHV
FRUURVLRQRIWKHERLOHUVXUIDFHV7KHRSWLRQRIKHDWLQJWKHIHHGZDWHUXVLQJWKHHQJLQHDLUFRROHULVDOVR
WDNHQ LQWR FRQVLGHUDWLRQ 7KH :+5 V\VWHPV DUH XVHG IRU WKH SURGXFWLRQ RI RQO\ VXSHUKHDWHG VWHDP
ZKLFK H[SDQGV LQ D VWHDP WXUELQH FRXSOHG WR DQ HOHFWULF DOWHUQDWRU WKXV JHQHUDWLQJ HOHFWULFLW\ 7KH
H[KDXVW JDV ERLOHU FRQVLVWV RI WKUHH VWDJHV WKH HFRQRPL]HU SUHKHDWHU WKH HYDSRUDWRU DQG WKH
VXSHUKHDWHU7KHIHHGZDWHULVSXPSHGE\WKHIHHGZDWHUSXPSLQWRWKHZDWHUVWHDPGUXPZKHUHDVDQ
H[WHUQDOKHDWH[FKDQJHULVXVHGIRUSUHKHDWLQJLW$VDQRSWLRQWKHKLJKWHPSHUDWXUHVWDJHRIWKHHQJLQH
DLUFRROHUFRXOGEHDOVRXVHGIRU LQLWLDOO\SUHKHDWLQJ WKHIHHGZDWHU7KHKHDWLQJPHGLXPRI WKHKHDW
H[FKDQJHULVWKHVDWXUDWHGZDWHUFRQWDLQHGLQWKHGUXPZKLFKLVSXPSHGE\WKHHFRQRPL]HUFLUFXODWLQJ
ZDWHUSXPSHQWHUV WKHKHDWH[FKDQJHUKHDWLQJ WKH IHHGZDWHU OHDYHV WKHKHDW H[FKDQJHUZLWK ORZHU
WHPSHUDWXUHDQG WKHQHQWHUV WR WKHHFRQRPLVHU VHFWLRQ7KHFLUFXODWLQJZDWHU H[LWLQJ WKHHFRQRPL]HU
UHWXUQV WR WKH GUXP KDYLQJ WHPSHUDWXUH DSSUR[LPDWHO\ HTXDO WR WKH VDWXUDWLRQ WHPSHUDWXUH
FRUUHVSRQGLQJWRWKHGUXPRSHUDWLQJSUHVVXUH$QDGGLWLRQDOFLUFXODWLQJSXPSLVXVHGWRFLUFXODWHWKH
 
ZDWHU WKURXJKWKHHYDSRUDWLRQVHFWLRQRI WKHERLOHUZKHUHDSRUWLRQRIVDWXUDWHGZDWHU LVHYDSRUDWHG
DQGVDWXUDWHGVWHDPLVSURGXFHG7KHIORZUDWHRIWKLVSXPSLVXVXDOO\VHOHFWHGWZRWRIRXUWLPHVWKH
IORZ UDWH RI IHHG ZDWHU VR WKDW WKH LQWHJULW\ RI WKH HYDSRUDWRU LV QRW MHRSDUGL]HG LQ WKH FDVH ZKHUH
WHPSRUDULO\PRUHVWHDPLVSURGXFHGDWV\VWHPWUDQVLHQWV7KHVDWXUDWHGZDWHUVWHDPPL[WXUHH[LWLQJWKH
ERLOHUUHWXUQVLQWRWKHGUXPZKHUHWKHVDWXUDWHGVWHDPLVVHSDUDWHGIURPWKHZDWHUDQGLVDFFXPXODWHG
LQ WKH XSSHU SDUW RI WKH GUXP 7KH VDWXUDWHG VWHDP LV DGYDQFHG LQWR WKH VXSHUKHDWHU VHFWLRQ RI WKH
ERLOHU7KHVXSHUKHDWHGVWHDPH[LWLQJWKHERLOHUHQWHUVLQWRWKHVWHDPWXUELQHVWDJHVRIWXUERJHQHUDWRU
ZKHUHLWH[SDQGVSURGXFLQJPHFKDQLFDOSRZHUDQGGULYLQJWKHHOHFWULFJHQHUDWRU7KHVWHDPH[LWLQJWKH
VWHDP WXUELQH LV DGYDQFHG WR WKH FRQGHQVHU ZKHUH LW FRQGHQVHV E\ WKH XVDJH RI VHD ZDWHU 7KH
FRQGHQVDWH LV WKHQSXPSHGLQWRWKHIHHGZDWHU WDQNKRWZHOO WKURXJKWKHFRQGHQVDWHSXPS,QFDVH
ZKHUH VXUSOXV DPRXQW RI VDWXUDWHG VWHDP LV SURGXFHG LW LV DOVR IRUZDUGHG LQWR WKH VXUSOXV VWHDP
FRQGHQVHUZKHUHLWFRQYHUWVWRFRQGHQVDWHZDWHUZKLFKVXEVHTXHQWO\LVSXPSHGWRWKHIHHGZDWHUWDQN


)LJXUH,QYHVWLJDWHG6KLS3URSXOVLRQ3ODQWFRQVLVWLQJRIWZRPDLQHQJLQHV'LHVHORU'XDO)XHODQGD:+5
V\VWHPVIRUHOHFWULFSRZHUJHQHUDWLRQ
 

)LJXUH6LQJOHVWHDPSUHVVXUH:DVWH+HDW5HFRYHU\6\VWHPZLWKH[WHUQDOKHDWH[FKDQJHU
 3URSXOVLRQV\VWHPPRGHOOLQJ

)RU DQDO\VLQJ WKH HQJLQH VWHDG\ VWDWH SHUIRUPDQFH DV ZHOO DV WUDQVLHQW UHVSRQVH YDULRXV PRGHOOLQJ
WHFKQLTXHV KDYH EHHQ XVHG WKHVH LQFOXGH PHDQ YDOXH HQJLQH PRGHOV >@ ]HURRQH GLPHQVLRQDO
VLPXODWLRQ WRROV >@RU D FRPELQDWLRQRI WKH WZR WHFKQLTXHV >@+RZHYHU WKHSUHVHQW VWXG\ LV
IRFXVHG RQ WKH VWHDG\ VWDWH RSHUDWLRQ RI WKH GHVFULEHG SUHYLRXVO\ IHUU\ SURSXOVLRQ V\VWHP DQG WKH
UHTXLUHGVWHDG\VWDWHHQJLQHSHUIRUPDQFHSDUDPHWHUVIRUWKHVHOHFWHGPDLQDQGDX[LOLDU\HQJLQHVZHUH
WDNHQIURPWKHUHVSHFWLYHHQJLQHPDQXIDFWXUHUVSURMHFWJXLGHV7KHRSHUDWLRQRI WKHVHHQJLQHV LQ WKH
ORDGUHJLRQIURPWRRIPD[LPXPFRQWLQXRXVUDWLQJ0&5EDVHGRQSRZHU±VSHHGYDULDWLRQ
DFFRUGLQJWRSURSHOOHUODZZDVH[DPLQHG

)RUWKHUHGXFWLRQRIWKHH[KDXVWJDV12[HPLVVLRQVWRWKH7LHU,,OHYHOVDVHOHFWLYHFDWDO\WLFUHGXFWLRQ
V\VWHPZLOOEHUHTXLUHGZKLFKLVLQVWDOOHGGRZQVWUHDPWKHHQJLQHWXUERFKDUJHUDQGEHIRUHWKHH[KDXVW
JDV ERLOHU 7KLV RSHUDWHV XVLQJ XUHDZDWHU VROXWLRQ ZKLFK LV LQMHFWHG XSVWUHDP 6&5 FDWDO\VW
HYDSRUDWHVDQGUHDFWVZLWKWKHH[KDXVWJDVZDWHUYDSRXUWRIRUPDPPRQLD6XEVHTXHQWO\WKHDPPRQLD
UHDFWVZLWKWKHH[KDXVWJDV12[RQWKHFDWDO\VWVXUIDFHVDQGPROHFXODUQLWURJHQDQGZDWHUYDSRXUDUH
IRUPHG)RUWKHH[DPLQHGFDVHVLQWKLVVWXG\WKHUHTXLUHGXUHDIORZUDWHLQ/KLVFDOFXODWHGXVLQJWKH
IROORZLQJHTXDWLRQZKLFKZDVGHULYHGE\XVLQJWKHIRUPXODSURSRVHGLQ>@
   bu
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ĐŽŶŽŵŝƐĞƌ
ǀĂƉŽƌĂƚŽƌ
^ƵƉĞƌŚĞĂƚĞƌ
ǆŚĂƵƐƚ'ĂƐ
^ƚĞĂŵ
ƌƵŵ
ŽŶĚĞŶƐĂƚĞ
WƵŵƉ
ŽŶĚĞŶƐĞƌ ^ƵƌƉůƵƐƐƚĞĂŵŽŶĚĞŶƐĞƌ
dƵƌďŽ ?
ŐĞŶĞƌĂƚŽƌ
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ŝƌĐ ?WƵŵƉ
ǀĂƉŽƌĂƚŽƌ
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,ĞĂƚ
ǆĐŚĂŶŐĞƌ
ŝƌĨƌŽŵd ?
ĐŽŵƉƌĞƐƐŽƌ
ŶŐŝŶĞ
ŝƌĐŽŽůĞƌ
,dƐƚĂŐĞ
>dƐƚĂŐĞ
&ĞĞĚǁĂƚĞƌƉƵŵƉ
 
ZKHUH3ELVWKHHQJLQHEUDNHSRZHULQN:ǻ12[LVWKHH[SHFWHGUHGXFWLRQRIVSHFLILF12[HPLVVLRQV
LQJN:KDQGFXLVXUHDPDVVIUDFWLRQSHUFHQWDJHRIWKHXVHGXUHDZDWHUVROXWLRQ

$OWKRXJKWKHUHLVH[KDXVWJDVWHPSHUDWXUHFKDQJLQJIURPWKHXUHDVROXWLRQLQMHFWLRQSRLQWWLOOWKH6&5
XQLW H[LW LQLWLDOO\ WKH H[KDXVW JDV LV FRROHG GXH WKH XUHDZDWHU HYDSRUDWLRQ KHDWLQJ RI H[KDXVW JDV
WDNHVSODFHVLQFDWDO\VWVXUIDFHVGXHWRWKHUHDFWLRQH[RWKHUPLFQDWXUHWKLVZDVQRWWDNHQLQWRDFFRXQW

7KH :+5 V\VWHPV RSHUDWLRQ ZDV DQDO\VHG XQGHU VWHDG\ VWDWH FRQGLWLRQV E\ DSSO\LQJ WKH PDVV DQG
HQHUJ\FRQVHUYDWLRQHTXDWLRQVLQWKHYDULRXVFRPSRQHQWVRIWKHLQVWDOODWLRQDVH[SODLQHGEHOORZ7KH
ERLOHU WUDQVIHUUHG KHDW IURP WKH H[KDXVW JDV WR WKH VWHDPZDWHU LV FDOFXODWHG XVLQJ WKH IROORZLQJ
HTXDWLRQ
 B B B b b g p g g i g oQ m c T TK     
ZKHUH gm LV WKH H[KDXVW JDV PDVV IORZ UDWH cp_g LV WKH H[KDXVW JDV PHDQ VSHFLILF KHDW DW FRQVWDQW
SUHVVXUHTg_iLVWKHWHPSHUDWXUHRIWKHH[KDXVWJDVHQWHULQJLQWRWKHERLOHUTg_oLVWKHWHPSHUDWXUHRIWKH
H[KDXVWJDVH[LWLQJWKHERLOHUDQGȘbLVWKHERLOHUHIILFLHQF\WKDWLVLQWKHRUGHURIȘbLVWKH
ERLOHUKHDWWUDQVIHUORVVHV

&RQVLGHULQJWKDWVDWXUDWHGZDWHUH[LWVWKHHFRQRPL]HUVHFWLRQPL[WXUHRIVDWXUDWHGZDWHUVWHDPH[LWV
WKHHYDSRUDWRUVHFWLRQDQGVXSHUKHDWHGVWHDPH[LWWKHVXSHUKHDWHUVHFWLRQWKHHQHUJ\EDODQFHLQWKH
ERLOHUJLYHV
 B B B B B B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ZKHUH Bcw ecm LV WKHHFRQRPL]HUFLUFXODWLQJZDWHUPDVV IORZUDWH Bcw evm LV WKHHYDSRUDWRUFLUFXODWLQJ
ZDWHU PDVV IORZ UDWH shm LV WKH VXSHUKHDWHG VWHDP PDVV IORZ UDWH sm  LV WKH PDVV IORZ UDWH RI WKH
VDWXUDWHG VWHDP SURGXFHG LQ WKH HYDSRUDWRU hcw_ec_i LV WKH VSHFLILF HQWKDOS\ RI WKH FLUFXODWLQJ ZDWHU
HQWHULQJ LQWR WKH HFRQRPL]HU ZKLFK LV H[LWLQJ IURP WKH H[WHUQDO KHDW H[FKDQJHU hsh LV WKH VSHFLILF
HQWKDOS\RIWKHVXSHUKHDWHGVWHDPH[LWLQJWKHERLOHUhcw_ev_i LVWKHVSHFLILFHQWKDOS\RIWKHFLUFXODWLQJ
ZDWHUHQWHULQJ LQWR WKHHYDSRUDWRU H[LWLQJ WKHHYDSRUDWRUFLUFXODWLQJZDWHUSXPShw DQGhs DUH WKH
VSHFLILF HQWKDOSLHV RI VDWXUDWHG ZDWHU DQG VWHDP ZKLFK IRUP WKH VDWXUDWHG PL[WXUHH[LWLQJ WKH
HYDSRUDWRUUHVSHFWLYHO\

7KHHQHUJ\FRQVHUYDWLRQDSSOLHGWRWKHV\VWHPZDWHUVWHDPGUXPIHHGZDWHUWDQNDQGKHDWH[FKDQJHU
UHVSHFWLYHO\JLYHVWKHIROORZLQJHTXDWLRQV
 B B B B    cw ec cw ev cw w fw fw d i wm m h h m h h        
 B B B B B B B B B   cw ec cw ec pd cw ec i fw fw d i fw HE im h h m h h      
 
 Bfw fw sh c pdm h m h        
ZKHUH fwm LVWKHIHHGZDWHUPDVVIORZUDWHhcwLVWKHVSHFLILFHQWKDOS\RIWKHZDWHUFRQWDLQHGZLWKLQ
WKH GUXP hfw_d_i LV WKH VSHFLILF HQWKDOS\ RI WKH IHHG ZDWHU HQWHULQJ LQWR WKH GUXP H[LWLQJ WKH KHDW
H[FKDQJHUhcw_ec_pdLVWKHVSHFLILFHQWKDOS\RIWKHFLUFXODWLQJZDWHUH[LWLQJWKHHFRQRPL]HUFLUFXODWLQJ
ZDWHUSXPSHQWHULQJWKHKHDWH[FKDQJHUhfw_HE_iLVWKHVSHFLILFHQWKDOS\RIWKHIHHGZDWHUHQWHULQJWKH
KHDWH[FKDQJHUIRUWKHFDVHRIQRKHDWLQJRIWKHIHHGZDWHULQWKHHQJLQHDLUFRROHUWKLVFRLQFLGHVWRWKH
VSHFLILFHQWKDOS\RIWKHIHHGZDWHUH[LWLQJWKHIHHGZDWHUSXPShfw_pdhfwLVWKHVSHFLILFHQWKDOS\RI
WKHIHHGZDWHUFRQWDLQHGZLWKLQWKHIHHGZDWHUWDQNhc_pdLVWKHVSHFLILFHQWKDOS\RIFRQGHQVDWHZDWHU
H[LWLQJWKHFRQGHQVDWHSXPSHQWHULQJWKHIHHGZDWHUWDQNUHVSHFWLYHO\
7KHKHDWH[FKDQJHUHIIHFWLYHQHVVLVGHILQHGE\WKHIROORZLQJHTXDWLRQ
 B B B B
B B B B
fw d i fw HE i
HE
cw ec pd fw HE i
h h
h h
H    
7KHVSHFLILFHQWKDOS\RIWKHZDWHUH[LWLQJWKHV\VWHPSXPSVDUHFDOFXODWHGDVIROORZV
 B B i pd i pu i ih h P m     
ZKHUH Pi LV WKH SXPS SRZHU im LV WKH SXPS PDVV IORZ UDWH hi_pu DQGhi_pd DUH WKH IOXLG VSHFLILF
HQWKDOSLHVXSVWUHDPDQGGRZQVWUHDPWKHSXPSUHVSHFWLYHO\DQGi = fwIRUWKHIHHGZDWHUSXPSi = 
cw_ecIRUWKHHFRQRPL]HUFLUFXODWLQJZDWHUSXPSi = cw_evIRUWKHHYDSRUDWRUFLUFXODWLQJZDWHUSXPS
i = cIRUWKHFRQGHQVDWHZDWHUSXPS
7KH SRZHU IRU HDFK RQH RI WKH V\VWHP SXPSV LV FDOFXODWHG EDVHG RQ WKH SXPS SUHVVXUH LQFUHDVH
HIILFLHQF\DQGIOXLGGHQVLW\DVIROORZV
    P m p KU '   
ZKHUHǻpiLVWKHSXPSSUHVVXUHLQFUHDVHȘiLVWKHSXPSHIILFLHQF\DQGȡiLVWKHIOXLGGHQVLW\
,QWKHFDVHZKHUHWKHKLJKWHPSHUDWXUHVWDJHRIWKHHQJLQHDLUFRROHULVXVHGIRUKHDWLQJWKHIHHGZDWHU
WDQNWKHHQHUJ\EDODQFHLQWKHDLUFRROHUSURYLGHV
 B B B DF D B D DF B B DF B B   fw fw HE i fw pd p HT i HT om h h m c T TK     
ZKHUH Dm LV WKH DLU PDVV IORZ UDWH HQWHULQJ WKH HQJLQH DLU FRROHU cp_D LV WKH PHDQ VSHFLILF KHDW DW
FRQVWDQW SUHVVXUH RI WKH DLU LQ WKH KLJK WHPSHUDWXUH VWDJH RI WKH HQJLQH DLU FRROHU TDF_HT_i LV WKH
WHPSHUDWXUH RI WKH DLU HQWHULQJ WKH KLJK WHPSHUDWXUH VWDJH RI WKH HQJLQH DLU FRROHU TDF_HT_o LV WKH
WHPSHUDWXUHRIWKHDLUH[LWLQJWKHKLJKWHPSHUDWXUHVWDJHRIWKHHQJLQHDLUFRROHUDQGDQG ȘDFLVWKHDLU
FRROHUHIILFLHQF\WKDWLVLQWKHRUGHURI1- ȘDFLVWKHDLUFRROHUKHDWWUDQVIHUORVVHV
7KHPDVVEDODQFHLQWKHZDVWHKHDWUHFRYHU\V\VWHPJLYHV

fw s shm m m      
7KHFLUFXODWLQJSXPSVPDVVIORZUDWHVZHUHFDOFXODWHGE\HVWLPDWLQJWKHUHVSHFWLYHUDWLRYDOXHV
 
 B B B Bcw ec cw ec fw cw ev cw ev fwm r m m r m       
ZKHUHrcw_evLVWKHUDWLRRIHYDSRUDWRUFLUFXODWLQJZDWHUPDVVIORZUDWHWRWKHIHHGZDWHUPDVVIORZUDWH
DQG rcw_ecLVWKHUDWLRRIHFRQRPLVHUFLUFXODWLQJZDWHUPDVVIORZUDWHWRWKHIHHGZDWHUPDVVIORZUDWH

7KHHTXDWLRQVIRUPDQDOJHEUDLFV\VWHPRIHTXDWLRQVZLWKXQNQRZQVWKHPDVVIORZUDWHVDQG
VSHFLILF HQWKDOSLHV RI ZDWHU DQG VWHDP 7KLV LV VROYHG LWHUDWLYHO\ XVLQJ DV LQLWLDO YDOXH RI WKH
VXSHUKHDWHGVWHDPPDVVIORZUDWHWKHHVWLPDWLRQWKDWSURYLGHVWKHLGHDO5DQNLQHF\FOHFRQVLGHUDWLRQDV
ZHOODVWKHIROORZLQJLQSXWDWKHHQJLQHH[KDXVWJDVPDVVIORZUDWHWHPSHUDWXUHDQGHTXLYDOHQFHUDWLR
DVZHOODVWKHWHPSHUDWXUHRIWKHDLUH[LWLQJWKHWXUERFKDUJHUFRPSUHVVRUEWKHSUHVVXUHRIWKHGUXP
ZDWHUVWHDPFWKHSUHVVXUHDQGWHPSHUDWXUHRIWKHIHHGZDWHUWDQNGWKHZD\RIIHHGZDWHUKHDWLQJ
QRKHDWLQJXVLQJVDWXUDWHGVWHDPRUXVLQJWKHHQJLQHDLUFRROHUHWKHSUHVVXUHORVVHVLQWKHYDULRXV
ERLOHUVHFWLRQVDQGWKHSLSLQJRIWKH:+5LQVWDOODWLRQIWKHUDWLRRIWKHHFRQRPL]HUFLUFXODWLQJZDWHU
WRWKHSURGXFHGVDWXUDWHGVWHDPPDVVIORZUDWHVDQGWKHUDWLRRIWKHHYDSRUDWRUFLUFXODWLQJZDWHUWRWKH
SURGXFHGVDWXUDWHGVWHDPPDVVIORZUDWHVJWKHPDVVIORZUDWHRIVDWXUDWHGVWHDPUHTXLUHGIRUWKHVKLS
KHDWLQJ VHUYLFHV K WKH ERLOHU HIILFLHQF\ WKH SXPSV HIILFLHQF\ WKH H[WHUQDO KHDW H[FKDQJHU
HIIHFWLYHQHVVDQGWKHDLUFRROHUHIILFLHQF\LWKHWHPSHUDWXUHRIVXSHUKHDWHGVWHDPH[LWLQJWKHERLOHUM
WKHWHPSHUDWXUHGURSVDWYDULRXVVHFWLRQVRIWKH:+5LQVWDOODWLRQNWKHFRQGHQVHUSUHVVXUHDQGOWKH
DOJHEUDLFHTXDWLRQVIRUWKHFDOFXODWLRQRIWKHSURSHUWLHVRIZDWHUVWHDPH[KDXVWJDVDQGDLU
7KH:+5V\VWHPSURGXFHGHOHFWULFSRZHULVFDOFXODWHGE\WKHIROORZLQJHTXDWLRQ
el sh ST TG b T LP m AE f f fK     
ZKHUH STAE LV WKHDYDLODEOHVSHFLILFHQHUJ\LQ WKHVWHDPWXUELQHFRUUHVSRQGVWR WKHVWHDPLVHQWURSLF
H[SDQVLRQȘTGLVWKHHIILFLHQF\RIWKHWXUERJHQHUDWRUDQGfb, fT, fLDUHFRUUHFWLRQIDFWRUVIRUWKHVWHDP
WXUELQHEDFNSUHVVXUHVWHDPWHPSHUDWXUHDQGVWHDPWXUELQHORDGUHVSHFWLYHO\'DWDIRUWKHHVWLPDWLRQ
RIWXUERJHQHUDWRUHIILFLHQF\DQGWKHFRUUHFWLRQIDFWRUVDUHJLYHQLQ>@
7KHVSHFLILFHQWKDOS\RIWKHVWHDPH[LWLQJWKHVWHDPWXUELQHDQGHQWHULQJWKHFRQGHQVHULVFDOFXODWHG
E\
 B BST o ST i ST STh h AEK     
ZKHUHhST_iLVWKHVSHFLILFHQWKDOS\RIWKHVDWXUDWHGVWHDPHQWHULQJWKHVWHDPWXUELQHȘST ȘTG(ȘGȘm)
LVWKHVWHDPWXUELQHHIILFLHQF\ȘGLVWKHJHQHUDWRUHIILFLHQF\DQGȘmLVWKHWXUERJHQHUDWRUPHFKDQLFDO
HIILFLHQF\
7KHVWHDPH[LWLQJWKHVWHDPWXUELQHLVFRQGHQVHGE\XVLQJVHDZDWHULQWKHV\VWHPFRQGHQVHU7KH
SRZHURIWKHVHDZDWHUSXPSZDVDOVRFDOFXODWHGE\XVLQJHT7KHUHTXLUHGVHDZDWHUPDVVIORZ
UDWHLVFDOFXODWHGE\WKHIROORZLQJHTXDWLRQZKLFKZDVGHULYHGE\DSSO\LQJWKHHQHUJ\EDODQFHLQWKH
FRQGHQVHU
 B B B B    c sw sh ST o c w p sw swm m h h c T  '   
 
ZKHUH Bc wh LVWKHVSHFLILFHQWKDOS\RIWKHFRQGHQVDWHZDWHUH[LWLQJWKHFRQGHQVHUcp_swLVWKHFRQGHQVHU
VHDZDWHUVSHFLILFKHDWDQGǻTswLVWKHWHPSHUDWXUHLQFUHDVHRIWKHVHDZDWHULQWKHFRQGHQVHU

)RUWKHH[DPLQHGFDVHZKHUHVDWXUDWHGVWHDPLVQRWXVHGIRUWKHVKLSKHDWLQJVHUYLFHVWKHLQFUHDVHLQ
WKH VKLS SURSXOVLRQ LQVWDOODWLRQ HIILFLHQF\ GXH WR WKH HOHFWULF SRZHU JHQHUDWLRQ LV FDOFXODWHG E\ WKH
IROORZLQJHTXDWLRQ
    el f L
pumps
P P m HK'   ¦    
ZKHUH fm LVPDVVIORZUDWHRIWKHHQJLQHIXHODQG+/LVWKHIXHOORZHUKHDWLQJYDOXH
7KHPLQLPXPWHPSHUDWXUHGLIIHUHQFHSLQFKSRLQWLVFDOFXODWHGXVLQJWKHIROORZLQJHTXDWLRQZKLFKLV
GHULYHGXVLQJWKHHQHUJ\EDODQFHLQWKHHYDSRUDWRUDQGVXSHUKHDWHUVHFWLRQVRIWKHERLOHU
 B
B
ev sh
pp g i s
b g p g
Q Q
T T T
m cK
'       
 ,02(QHUJ\(IILFLHQF\'HVLJQ,QGH[&DOFXODWLRQ

7KH0DULQH(QYLURQPHQWDO3URWHFWLRQ&RPPLWWHH0(3&RIWKH,02>@LQWURGXFHGWKHVKLS(QHUJ\
(IILFLHQF\'HVLJQ,QGH[((',DVDPHDVXUHRIVKLSV&2HPLVVLRQVZKLFKLQWKHFDVHRIQHZEXLOW
FDUJRVKLSVQRLFHFODVVLVFDOFXODWHGE\WKHIROORZLQJIRUPXOD

eff AEeff FAE AEP C SFOC P C SFOC f P C SFOCME FME ME AE FAE AE
EEDI
Capacity Vref
          

ZKHUH ((', LV LQ J &2W10 &) LV D FRQYHUVLRQ IDFWRU EHWZHHQ IXHO FRQVXPSWLRQ LQJ DQG &2
HPLVVLRQV DOVR LQ J DQG LV EDVHG RQ IXHO FDUERQ FRQWHQW &)    J &2J IXHO IRU WKH FDVH RI
'LHVHO*DV2LODQG&) J&2J IXHO IRU WKHFDVHRI/1*0(DQG$(UHIHU WR WKHPDLQDQG
DX[LOLDU\HQJLQHVUHVSHFWLYHO\&DSDFLW\LVWDNHQWKHVKLSGHDGZHLJKW':7IRUWKHFDUJRVKLSVDQG
WKHVKLSJURVVWRQQDJH*7IRU WKH5R3D[IHUULHV30( LVGHILQHGDV WKHRI WKHUDWHG LQVWDOOHG
SRZHURIWKHPDLQHQJLQHDIWHUKDYLQJGHGXFWHGDQ\LQVWDOOHGVKDIWJHQHUDWRUSRZHU3$(LVWKHUHTXLUHG
DX[LOLDU\ HQJLQH SRZHU WR VXSSO\ QRUPDO PD[LPXP VHD ORDG LQFOXGLQJ QHFHVVDU\ SRZHU IRU
SURSXOVLRQPDFKLQHU\V\VWHPVEXWH[FOXGLQJDQ\RWKHUSRZHUHJEDOODVWSXPSVWKUXVWHUVFDUJRJHDU
HWF LQ WKH FRQGLWLRQ ZKHUH WKH VKLS HQJDJHG LQ YR\DJH DW WKH VSHHG 9UHI XQGHU WKH GHVLJQ ORDGLQJ
FRQGLWLRQ 3$(HII LV WKH DX[LOLDU\ SRZHU UHGXFWLRQ GXH WR LQQRYDWLYH HOHFWULFDO HQHUJ\ HIILFLHQW
WHFKQRORJ\ HJ :+5 PHDVXUHG DW 30( IHII  LV WKH DYDLODELOLW\ IDFWRU RI HDFK LQQRYDWLYH HQHUJ\
HIILFLHQF\WHFKQRORJ\6)2&0(DQG6)2&$(DUHWKHEUDNHVSHFLILFIXHORLOFRQVXPSWLRQVLQJN:KRI
WKHPDLQDQGDX[LOLDULHVHQJLQHVDWWKHDQGRIWKHLU0&5SRLQWVUHVSHFWLYHO\

 
7KHEDVHOLQHYDOXHRI((',FDQEHGHILQHGEDVHGRQUHJUHVVLRQDQDO\VLVRIGDWDRIVHYHUDOVKLSV)RU
WKHFDVHRI5R5RFDUJRVKLSVWKHIROORZLQJH[SUHVVLRQZDVSURSRVHG>@

EEDI DWT      
 )LQDQFLDOHYDOXDWLRQRILQYHVWPHQWVLQPDULWLPHVHFWRU

7KHHFRQRPLFDQDO\VHVRIWKHDOWHUQDWLYHFRQILJXUDWLRQVIRUWKHVKLSSURSXOVLRQSODQWDUHEDVHGRQWKH
FDOFXODWLRQRIWKHUHVSHFWLYHDQQXDOPDFKLQHU\FRVWZKLFKFRQVLVWVRIWKH&DSLWDODQGWKH2SHUDWLRQDO
H[SHQGLWXUHV7KH&DSLWDO([SHQGLWXUH&$3(;LVWKHFRQVWDQWDQQXDOLQVWDOPHQWWRZKLFKWKHLQLWLDO
LQYHVWPHQWFRVW,&LVHTXDOO\GLVWULEXWHGWKURXJKRXWWKHLQYHVWPHQWOLIHWLPHQXQGHUDGHWHUPLQHG
GLVFRXQWUDWH5DQGFDQEHFDOFXODWHGE\WKHIROORZLQJHTXDWLRQJLYHQE\9',>@D?D?D?D?D? J? D?D? 	? D? 	?O?(?(?(?O?)?O?(?(?(?O?)? (? 

7KH GLVFRXQW UDWH ZKLFK DOWHUQDWLYHO\ UHIHUUHG DV WKH FRVW RI FDSLWDO RSSRUWXQLW\ FRVW RU ZHLJKWHG
DYHUDJHFRVWRIFDSLWDOLVXVHGIRUVSUHDGLQJWKHLQYHVWPHQWFRVWRYHUWKHH[SHFWHGLQYHVWPHQWOLIHRULW
FDQEHXVHGIRUGHWHUPLQLQJWKHSUHVHQWYDOXHRIIXWXUHEHQHILWVRUFRVWV,WFDQKDYHDODUJHLPSDFWRQ
WKH UHVXOWV DQG WKHUHIRUH WKH VHOHFWLRQ RI WKH SURSHU YDOXH IRU WKH GLVFRXQW UDWH LV LPSRUWDQW IRU
DFFXUDWHO\GHWHUPLQLQJWKHFDSLWDOH[SHQGLWXUH$PLQLPXP³ULVNIUHH´GLVFRXQWUDWHYDOXHVLQWKHRUGHU
RIWRIRUXVLQJLQPDUJLQDODEDWHPHQWFRVWDQDO\VLVRIHQHUJ\HIILFLHQF\PHDVXUHVLQFOXGLQJ
:+5KDVEHHQSURSRVHGLQ>@$GLVFRXQWUDWHYDOXHDURXQGDSSHDUVWREHDGHTXDWHIRUWKHFRVW
DQDO\VLVVWXGLHVRIPDULQHLQGXVWU\
7KH2SHUDWLRQ([SHQGLWXUH23(;LVWKHVXPRIWKH$QQXDO)XHOFRQVXPSWLRQ&RVW$)&LQFOXGLQJ
+)2 0'2 DQG /1* WKH $QQXDO /XEULFDWLQJ 2LO FRQVXPSWLRQ &RVW $/2& WKH $QQXDO
0DLQWHQDQFH&RVW$0&DQGWKH$QQXDO8UHDVROXWLRQFRQVXPSWLRQ&RVW$8&IRUWKHFDVHZKHUHD
6&5V\VWHP LVXVHG$OO WKRVH FRVWV DUH FDOFXODWHGXVLQJPDLQ HQJLQH VXEVFULSWMEi DQGDX[LOLDU\
HQJLQHVVXEVFULSWAEiDVSHFLILFIXHORLOFRQVXPSWLRQVIRUSLORWD?D?D?D?(?(?(?(?(?(?(?(?D?D?D?D?(?(?(?(?(?(?(?(?DQGPDLQ
IXHOD?D?D?D?(?(?(?(?(?(?D?D?D?D?(?(?(?(?(?(?EVSHFLILFOXEULFDWLQJRLOFRQVXPSWLRQVD?D?D?D?(?(?(? D?D?D?(?(?(?FDQQXDO
RSHUDWLQJSURILOHRIWKHSODQWH[SUHVVHGLQUXQQLQJKRXUVD?D?(?(?(?D D?(?(?(?DWFHUWDLQORDGOHYHOVD?(?(?(?D?(?(?(?GIXHOSULFHVD?D?(?(?(?(?(?ǡ D?D?( (?(?HOXEHRLOSULFHD?D?D?IODERXUDQGSDUWVSULFHVH[SUHVVHGDV
VSHFLILF PDLQWHQDQFH FRVW D?D?D?(?(?(?D D?D?(?(?(?  J XUHD SULFH D㜇?O?DQG 6&5 V\VWHP XUHD VSHFLILF
FRQVXPSWLRQD?D㜇?(?(?(?D D㜇?(?(?(?7KH23(;LVH[SUHVVHGE\WKHIROORZLQJHTXDWLRQ
D?D?D?D? J? D?D? J? D?D?D? J? D?D? J? D㜇?      
ZKHUH

 
D?D?D? J? D?D?(?(?(?(?(?	 J J?D?D?D?D?(?(?(?(?(?(?(?(?	 D ?(?(?(?	 ? D ?D ?(?(?(?J D ?D ?D ?D ?(?(?(?(?(?(?(?(?	 D ?(?(?(?	 ? D ?D ?(?(?(?J(?(?(?(? J D?D?(?(?(?	?	? J?D?D?D?D?(?(?(?(?(?(?	 D ?(?(?(?	 ? D ?D ?(?(?(?J D ?D ?D ?D ?(?(?(?(?(?(?	 D ?(?(?(?	 ? D ?D ?(?(?(?J(?(?(?(?     
D?D?D?D? J? O?	? O㨀	D?D?D?D?(?(?(?	 ?(?(?(?	 ? D ?D ?(?(?(?(?(?(?(? J D ?D ?D ?D ?(?(?(?	 ? D ?(?(?(?	 D ?D ?(?(?(?O㬒? 	? D?D?D?   
D?D?D? J?	 O㨀	D?D?D?(?(?(?	 ? D ?(?(?(?	 ? D ?D ?(?(?(?(?(?(?(? J D ?D ?D ?(?(?(?	 ? D ?(?(?(?	 ? D ?D ?(?(?(?O    
D?D㜇? J? O?	 O㨀	D?D㜇?(?(?(?	 D ?(?(?(?	 ? D ?D ?(?(?(?(?(?(?(? J D ?D ?D ?(?(?(?	 ? D ?(?(?(?	 ? D ?D ?(?(?(?O㬒? 	? D?D?   

ZKHUH1LVWKHQXPEHURIRSHUDWLQJFRQGLWLRQVLHVDLOLQJPDQRHXYULQJZDLWLQJLQSRUW

 &DVH6WXG\

7KH VKLS LQYHVWLJDWHG LQ WKLVSDSHU LV D IHUU\RU5R5RFDUJR VKLSZKRVHJHQHUDO FKDUDFWHULVWLFV DUH
SUHVHQWHGLQ7DEOH7KHUHTXLUHGVKLSSURSXOVLRQSRZHURI0:VKRXOGEHGHOLYHUHGE\WZRIRXU
VWURNHUHFLSURFDWLQJHQJLQHXQLWVRIȂ:RUPRUHZKHUHDVWKUHHJHQHUDWLQJVHWVRI0:SRZHU
DUHUHTXLUHGIRUFRYHULQJWKHVKLSHOHFWULFHQHUJ\GHPDQG7KHVKLSLVFRQVLGHUHGWRVDLOLQDURXWHRI
10 ZKLFK LQFOXGHV D SDUW RI  10 LQVLGH (&$ $Q H[DPSOH RI WKLV URXWH LV WKH LWLQHUDU\
EHWZHHQWKHSRUWVRI7ULHVWH,WDO\DQG,VWDQEXO7XUNH\(DFKOHJRIVKLSYR\DJHODVWVDSSUR[LPDWHO\
KFRQVLGHULQJDVDLOLQJVSHHGRINQRWVKVDLOLQJDQGKPDQRHXYULQJWLPHDWHDFKSRUW,WLV
DOVRDVVXPHGWKDWWKHVKLSVWD\VKRQHDFKSRUWRIKHUYR\DJHDQGRSHUDWHVRIWKHFDOHQGDU\HDU
,QVSHFLILFWKHVKLSVSHQGVKHUDQQXDORSHUDWLQJKRXUVDVIROORZVLQ(&$3RUWVLQ1RQ
(&$ 3RUWV  PDQRHXYULQJ LQ (&$ ZDWHUV  PDQRHXYULQJ LQ 1RQ(&$ ZDWHUV 
VDLOLQJLQ(&$RSHQVHDDQGVDLOLQJLQ1RQ(&$RSHQVHD

7KH IROORZLQJ DOWHUQDWLYH SURSXOVLRQ SODQWV DUH LQYHVWLJDWHG LQ WKH SUHVHQW VWXG\ D 7KH YHVVHO LV
HTXLSSHGZLWK WZRPHGLXP VSHHGGLHVHO HQJLQHV IRUSURSXOVLRQDQG WKUHHGLHVHOJHQHUDWLQJ VHWV IRU
H[DPSOHWKH:/PDULQH'LHVHOHQJLQH>@DQGWKH:/JHQHUDWLQJVHW>@UHVSHFWLYHO\ERWK
IURP:lUWVLOlUXQQLQJRQ0DULQH*DV2LO0*2ZLWKLQ(&$]RQHVDQGRQ/RZ6XOSKXU+HDY\)XHO
2LORXWVLGH(&$]RQHV$VHOHFWLYHFDWDO\WLFUHGXFWLRQV\VWHP6&5LVFRQVLGHUHGWREHLQVWDOOHGIRU
UHGXFLQJ 12[ HPLVVLRQV ZKHQ WKH VKLS RSHUDWHV ZLWKLQ (&$ ]RQHV IXOILOOPHQW RI ,02 7LHU ,,,
HPLVVLRQ OHYHO 7KH 6&5 V\VWHP LV FRQVXPLQJ XUHD VROXWLRQ DQG LV VZLWFKHG RII ZKHQ WKH )HUU\ LV
VDLOLQJLQ1RQ(&$]RQHVZKHUHWKHOHVVVWULFW12[HPLVVLRQOHYHOV,027LHU,,FDQEHPHWE\WKH
HQJLQHVZLWKRXWDQ\H[KDXVWJDVDIWHUWUHDWPHQWV\VWHPE7KHYHVVHOLVHTXLSSHGZLWKWZRPHGLXP
VSHHGGXDOIXHOHQJLQHVIRUSURSXOVLRQDQGWKUHHGXDOIXHOJHQHUDWLQJVHWVIRUH[DPSOHWKH:/')
>@GXDOIXHOPDULQHHQJLQHDQGWKH:/')GXDOIXHOJHQHUDWLQJVHW>@UHVSHFWLYHO\ERWKIURP
:lUWVLOlFRQWLQXRXVO\UXQQLQJRQ/1*$VPDOODPRXQWDURXQGRQHQHUJ\EDVLVRI0*2LVDOVR
 
LQMHFWHG LQ HQJLQHV F\OLQGHUV IRU FRPEXVWLRQ FRPPHQFHPHQW 7KH FRPEXVWLRQ RI /1* HQDEOHV WKH
HQJLQHVWRPHHWWKHHPLVVLRQOLPLWVLQVLGHDQGRXWVLGH(&$]RQHVF7KLVFRQILJXUDWLRQLVDVWKHFDVH
DZLWKWKHDGGLWLRQRIDZDVWHKHDWUHFRYHU\V\VWHP:+5UHFRYHULQJHQHUJ\IURPWKHPDLQHQJLQHV
H[KDXVW JDVHV IRU SURGXFLQJ VXSHUKHDWHG VWHDP WR EH H[SDQGHG LQ D VWHDP WXUELQH FRXSOHG WR DQ
HOHFWULFDOWHUQDWRUG7KLVFRQILJXUDWLRQLVDVWKHFDVHEZLWKWKHDGGLWLRQRIWKHZDVWHKHDWUHFRYHU\
V\VWHPGHVFULEHGDERYH7KHDGYDQWDJHRIWKHFRQILJXUDWLRQVZLWK:+5V\VWHPVLVWKDWHOHFWULFLW\FDQ
EHJHQHUDWHGRQERDUGE\WKHWXUERJHQHUDWRUVHQDEOLQJWKHVKLSRSHUDWRUWRXQORDGRUHYHQVZLWFKRII
RQHRIWKHVKLSJHQHUDWLQJVHWV7KHPDLQHQJLQHSDUDPHWHUVRIWKHVHOHFWHG'LHVHODQG')HQJLQHVDUH
JLYHQLQ7DEOH

7DEOH)HUU\0DLQ3DUWLFXODUV
&KDUDFWHULVWLF 9DOXH
6L]H *7
/HQJWK P
%HDP P
'UDIW P
6SHHGVHUYLFH NQRWV
'HDGZHLJKW PW
3URSXOVLRQ3RZHULQVWDOOHG 0:
$X[3RZHULQVWDOOHG 0:
3URSXOVLRQ &3SURSHOOHUV

7DEOH0DLQ(QJLQH3DUDPHWHUV
&KDUDFWHULVWLF 'LHVHO
(QJLQH
'XDO)XHO
(QJLQH
&\OLQGHUV / /
%RUH PP PP
6WURNH PP PP
%UDNH3RZHUDW0&5 N: N:
%UDNH3RZHUDW0&5 USP USP

7KHUHTXLUHGHQJLQHGDWDIRUPRGHOOLQJWKH:+5V\VWHPLQFOXGHWKHPDVVIORZUDWHWHPSHUDWXUHDQG
HTXLYDOHQFH UDWLR RI WKH H[KDXVW JDV H[LWLQJ HQJLQH WXUERFKDUJHU WXUELQH 7KH ODWWHU ZDV XVHG IRU
HVWLPDWLQJ WKHH[KDXVWJDVFRPSRVLWLRQFRQVLGHULQJSHUIHFWFRPEXVWLRQZKLFK LQ WXUQZDVXVHGIRU
FDOFXODWLQJWKHH[KDXVWJDVVSHFLILFKHDWDWFRQVWDQWSUHVVXUH)RUWKHFDVHRIWKHKHDWLQJWKHIHHGZDWHU
XVLQJ WKH HQJLQH DLU FRROHU WKH WHPSHUDWXUH RI WKH DLU H[LWLQJ WKH WXUERFKDUJHU FRPSUHVVRU LV DOVR
UHTXLUHG DV LQSXW $OO WKH UHTXLUHG SDUDPHWHUV DUH WDNHQ IRU HQJLQH ORDGV LQ WKH UDQJH IURP  WR
 RI 0&5 FRQVLGHULQJ WKDW WKH HQJLQHV RSHUDWH DFFRUGLQJ WR SURSHOOHU ODZ DQG ,62 DPELHQW
FRQGLWLRQV XVLQJ WKH GDWD JLYHQ LQ WKH HQJLQH SURMHFW JXLGHV >@ $Q LQFUHDVH E\  IRU WKH
UHSRUWHGYDOXHVEUDNHVSHFLILFIXHOFRQVXPSWLRQZDVWDNHQLQWRDFFRXQWVLQFHWKHPDQXIDFWXUHVJLYHWKH
HQJLQH%6)&YDOXHVZLWKDWROHUDQFHRI7KHVKDIWLQJV\VWHPHIILFLHQF\IRUDOOWKHH[DPLQHGFDVHV
LVFRQVLGHUHGWREHDW0&5ZKHUHDVWKHFRUUHFWLRQWKDWLVJLYHQLQ>@LVWDNHQLQWRDFFRXQWDW
ORZHUHQJLQHORDGV

)RU WKH FDVH RI / HQJLQH RSHUDWLQJ DW 0&5 DQ H[KDXVW JDV DPRXQW RI  ZDV FRQVLGHUHG WR
E\SDVV WKH ERLOHU VR WKDW WKH ERLOHU JHRPHWULF FKDUDFWHULVWLFV DUH NHSW EDODQFHG 7KLV YDOXH GHULYHG
 
FRQVLGHULQJWKDWWKHDYDLODEOHHQJLQHH[KDXVWHQHUJ\DWORDGLVDSSUR[LPDWHO\JUHDWHUWKDQ
WKHRQHIRUWKHFDVHRIORDG7KXVWKHRYHUVL]LQJRIWKHH[KDXVWJDVERLOHULVDYRLGHGVLQFHWKH
HQJLQH UDUHO\ RSHUDWHV DW  ORDG )RU WKH FDVH RI WKH GLHVHO HQJLQHV WKH XUHD IORZ UDWH ZDV
FDOFXODWHGXVLQJ WKHHTXDWLRQUHSRUWHG LQ>@FRQVLGHULQJDZWXUHDZDWHUVROXWLRQDQGH[KDXVW
JDV12[HPLVVLRQOHYHORIJN:KWRFRPSO\ZLWK7LHU,,,OLPLWV7KH/1*IXHOFRPSRVLWLRQZDV
WDNHQDVIROORZVPHWKDQHHWKDQHDQGEXWDQHWKHORZHUKHDWLQJYDOXHRIWKDW/1*ZDV
FDOFXODWHGWREHN-NJ

7KHYDOXHVRI WKH WHPSHUDWXUHDQGPDVV IORZUDWHRI WKHH[KDXVWJDVH[LWLQJ WKHHQJLQH IRUERWK WKH
H[DPLQHG HQJLQHV / UXQQLQJ RQ 0'2 DQG /') UXQQLQJ RQ /1* DQG XVLQJ 0'2 SLORW
LQMHFWLRQIRUWKHVWDUWRIFRPEXVWLRQDVZHOODVWKHH[KDXVWJDVWKHUPDOSRZHUZKLFKDUHXVHGLQWKH
:+5LQVWDOODWLRQVLPXODWLRQFDVHVSUHVHQWHGEHORZDUHVKRZQLQ)LJXUH7KHEUDNHHIILFLHQF\IRU
ERWKHQJLQHVDVZHOODV WKHSURGXFWRIHQJLQHEUDNHHIILFLHQF\DQGWKHVKDIWLQJV\VWHPHIILFLHQF\DUH
DOVRJLYHQLQ)LJXUH7KH')HQJLQHRSHUDWHVZLWKLQFUHDVHGHIILFLHQF\IRUWKHORDGUHJLRQIURP
 DQG DERYH FRPSDUHG WR WKH GLHVHO HQJLQH $OWKRXJK WKH H[KDXVW JDV PDVV IORZ UDWHV RI ERWK
HQJLQHVDUHFRPSDUDEOHWKHH[KDXVWJDVZDVWHWKHUPDOSRZHUDUHJUHDWHUIRUWKHFDVHRIWKHGXDOIXHO
HQJLQHGXHWRWKHH[KDXVWJDVKLJKHUWHPSHUDWXUHYDOXHVLQWKHUHJLRQIURPWRRIHQJLQHORDG

$VHWRIUHVXOWVLQFOXGLQJWKHQHWSURGXFHGHOHFWULFSRZHUWKHSRZHUSODQWHIILFLHQF\LQFUHDVHGXHWR
WKHSURGXFWLRQRI WKHHOHFWULFSRZHU IURP WKH:+5V\VWHP WKH WRWDOSRZHUSODQWHIILFLHQF\DQG WKH
PLQLPXP WHPSHUDWXUH GLIIHUHQFH DW H[KDXVW JDV ERLOHU SLQFK SRLQW IRU WKH FDVHV RI WKH / DQG
/')HQJLQHVDUHSUHVHQWHGLQ)LJXUH7KHIROORZLQJFDVHVIRUWKH:+5V\VWHPSDUDPHWHUVZHUH
VLPXODWHGQRKHDWLQJRIWKHIHHGZDWHUWDQNDQGKHDWLQJWKHIHHGZDWHUXVLQJWKHHQJLQHDLUFRROHU,Q
DOO WKH VLPXODWHGFDVHVQRSURGXFWLRQRI VDWXUDWHG VWHDPIRU WKH VKLSKHDWLQJ VHUYLFHVZDVDVVXPHG
7KHERLOHUGUXPDEVROXWHSUHVVXUHZDVFRQVLGHUHGWREHEDUZKHUHDVWKHSUHVVXUHRIWKHFRQGHQVHU
ZDVWDNHQDVEDU7KHWHPSHUDWXUHKHDW WUDQVIHUUDWHGLDJUDPVRI WKHH[KDXVWJDVERLOHUIRU WKH
/HQJLQHRSHUDWLQJDWORDGIRUWKHFDVHRIQRKHDWLQJWKHIHHGZDWHUWDQNDQGKHDWLQJWKHIHHG
ZDWHUWDQNXVLQJWKHHQJLQHDLUFRROHUDUHVKRZQLQ)LJXUH

$VLWFDQEHGHGXFHGIURP)LJXUHDFRQVLGHUDEOHDPRXQWRIHOHFWULFSRZHULVSURGXFHGQDPHO\IURP
N:WRN:IRUWKHFDVHRI/HQJLQHDQGIURPN:WRN:IRUWKHFDVHRI/')
HQJLQH,QWKHFDVHRI WKHGXDOIXHOHQJLQH WKHSURGXFHGHOHFWULFSRZHULVJUHDWHUE\WRN:
ZKHQWKHHQJLQHRSHUDWHVDW ORDGUHJLRQIURPWRRI0&57KLVPHDQV WKDW LQ WKHFDVHRI
VLPXOWDQHRXV RSHUDWLRQ RI ERWK VKLS PDLQ HQJLQHV DW  ORDG WKH UHVSHFWLYH H[KDXVW JDV :+5
V\VWHPVFDQJHQHUDWHN:HIRUWKHFDVHRI'LHVHOHQJLQHVDQGN:HIRUWKHFDVHRI')HQJLQHV
7KHUHIRUHLQWKHODWWHUFDVHRQHRIWKHVKLSJHQHUDWLQJVHWVFDQEHVZLWFKHGRII7KHHIILFLHQF\LQFUHDVH
RZLQJ WR WKH QHW HOHFWULF SRZHU JHQHUDWLRQ WKH SRZHU UHTXLUHG E\ WKH :+5 V\VWHP SXPSV DUH
H[FOXGHG LV DERYH  IRU WKH FDVH RI / HQJLQH DQG DERYH  IRU WKH FDVH RI WKH /')
HQJLQHZKLFKLQGLFDWHVWKDWWKHSRZHUSODQWHIILFLHQF\LVVXEVWDQWLDOO\LPSURYHGZKHQD:+5V\VWHP
LV XVHG 7KH SRZHU SODQW WRWDO HIILFLHQF\ WKH SURGXFW RI HQJLQH EUDNH HIILFLHQF\ DQG WKH VKDIWLQJ
 
V\VWHPHIILFLHQF\SOXV WKHHIILFLHQF\LQFUHDVH LV LQ WKHUDQJHRI WRIRU WKHFDVHRI WKH/
HQJLQH ZKHUHDV LW FDQ UHDFK YDOXHV DV KLJK DV DOPRVW  LQ WKH FDVH RI WKH /') HQJLQH
7KHUHIRUH LW LV HVWLPDWHG WKDW HYHQ LQ WKH FDVH RI XVLQJ GXDO IXHOHOHFWULF SURSXOVLRQ WKH RYHUDOO
SURSXOVLRQV\VWHPHIILFLHQF\FDQEHPDLQWDLQHGLQFRPSDUDEOHOHYHOVWRDFRQYHQWLRQDO'LHVHOHQJLQH
SURSXOVLRQV\VWHPWDNLQJLQWRDFFRXQWWKHUHVSHFWLYHSURSXOVLRQV\VWHPVORVVHVIRUWKHFDVHRID
FRQYHQWLRQDOIRXUVWURNH'LHVHOHQJLQHSURSXOVLRQV\VWHPYVIRUWKHFDVHRIWKHGXDOIXHOHQJLQH
HOHFWULFSURSXOVLRQV\VWHPERWKDW0&5

7KHPLQLPXPH[KDXVWJDVERLOHUWHPSHUDWXUHGLIIHUHQFHSLQFKSRLQWLVPDLQWDLQHGDERYHR&IRUWKH
FDVHRIWKH/HQJLQHDQGDERYHR&IRUWKHFDVHRI/')HQJLQHZKLFKPHDQVWKDWWKHH[KDXVW
JDVERLOHUIRUWKHFDVHRI')HQJLQHZLOOEHOHVVEXON\VLQFHVPDOOHUKHDWWUDQVIHUDUHDLVUHTXLUHG7KLV
LVH[SODLQHGE\FRQVLGHULQJ WKH WHPSHUDWXUHSURILOHVRIERWKHQJLQHVVKRZQLQ)LJXUH )RU WKH')
HQJLQHWKHH[KDXVWJDVWHPSHUDWXUHOD\VLQWKHUHJLRQIURPR&WRR&ZLWKWKHORZHUWHPSHUDWXUH
REWDLQHG DW  HQJLQH ORDG $W WKDW ORDG WKH PLQLPXP WHPSHUDWXUH GLIIHUHQFH LV VOLJKWO\ DERYH
R&2QWKHRWKHUKDQGIRUWKH'LHVHOHQJLQHWKHPLQLPXPWHPSHUDWXUHRIWKHH[KDXVWJDVLVREWDLQHG
IRU WKH RSHUDWLQJ SRLQW RI  ORDG $W WKDW SRLQW WKH PLQLPXP WHPSHUDWXUH GLIIHUHQFH LI VOLJKWO\
DERYHR&,QWKHFDVHRIKHDWLQJWKHIHHGZDWHUXVLQJWKHHQJLQHDLUFRROHUWKHKHDWWUDQVIHUUDWHRI
WKH HFRQRPLVHU VHFWLRQ RI WKH H[KDXVW JDV ERLOHU LV ORZHU KDYLQJ DV D UHVXOW WKH UHGXFWLRQ RI WKH
PLQLPXP WHPSHUDWXUH GLIIHUHQFH 7KXV KLJKHU WHPSHUDWXUH RI WKH H[KDXVW JDV H[LWLQJ WKH ERLOHU LV
UHTXLUHGLQRUGHU WRPDLQWDLQWKHPLQLPXPWHPSHUDWXUHGLIIHUHQFHDWDFFHSWDEOHOHYHO7KLV LVFOHDUO\
VHHQLQ)LJXUHFRPSDULQJWKHOHIWDQGULJKWGLDJUDPV7KHH[KDXVWJDVWHPSHUDWXUHDWERLOHUH[LW LV
LQFUHDVHGE\R&LQWKHFDVHRIKHDWLQJWKHIHHGZDWHUXVLQJWKHHQJLQHDLUFRROHU)LJXUHEVRWKDW
WKH WHPSHUDWXUH GLIIHUHQFH DW SLQFK SRLQW LV NHSW DERYH R& )RU WKDW UHDVRQ WKH HOHFWULF SRZHU
SURGXFWLRQ IRU WKH :+5 V\VWHP ZLWK WKH IHHG ZDWHU KHDWLQJ XVLQJ WKH HQJLQH DLU FRROHU LV RQO\
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